Protease inhibitors have been isolated from many variable sources; however, the need to identify and characterize new molecules has increased with the discovery of new therapeutic targets and the lack of specificity of already identified compounds with inhibitory activity. The goal of this work was to search for inhibitory activity against four proteolytic enzymes already recognized as therapeutic targets: human neutrophil elastase, dipeptidyl peptidase IV, subtilisin from Bacillus licheniformis and cathepsin K in selected marine invertebrates from the Caribbean Sea. A systematic screening was carried out with selected aqueous extracts belonging to 20 species from seven different phyla: Annelida, Bryozoa, Chordata, Cnidaria, Equinodermata, Mollusca and Porifera, all collected at the coast of Havana (Cuba). All extracts showing initial inhibitory activity were characterized in terms of IC50 values and specific inhibitory activity (SIA). Model enzymes were used in the case of human neutrophil elastase (porcine pancreatic elastase) and cathepsin K (papain) for the screening and all positive results were confirmed by testing toward the therapeutic targets. Ten extracts were identified showing inhibitory activity against human neutrophil elastase, for which the most promising values were obtained for Nerita peloronta. Only one extract, Bunodosoma granulifera, showed inhibitory activity against dipeptidyl peptidase IV with rather poor values of IC50 and SIA. Seven extracts showed inhibitory activity against B. licheniformis subtilisin with very good IC50 and SIA values for Lissodendorix isodyctialis, Cenchritis muricatus, and N. peloronta. Finally, eight extracts were positive for cathepsin K with almost similar parameters values among them. All these results confirmed the richness and potential of the marine invertebrate's fauna and indicated new promising sources for the identification of natural compounds with potential application in therapeutics.
Introduction
Proteases represent about 2% of the genes in humans as well as in infectious organisms [1] [2] . These enzymes are involved in a broad range of physiological processes of vital importance, including defense mechanisms in response to infection, activation of prohormones and zymogens, release of active peptides, assembly of viruses and proliferation/invasion processes of bacteria and parasites [1] [3] . Many examples show the functional role of proteases in the appearance or development of diseases [2] [4], e.g. the serine proteases human neutrophil elastase (HNE), subtilisins, dipeptidylpeptidase-IV (DPPIV) and papain-like proteases, such as cathepsin K. The former, which is involved in pulmonary emphysema, rheumatoid arthritis and cystic fibrosis, is released from human polymorphonuclear leukocytes in response to inflammatory stimuli and it is responsible for the degradation of connective tissue proteins [5] [6] . Subtilisins are involved in invasion processes of many pathogenic parasites and bacteria, such as Plasmodium falciparum and the nosocomial pathogen Stenotrophomonas maltophilia, [7] [8] . Dipeptidylpeptidase-IV is implicated in human systemic conditions, such as diabetes mellitus, cancer and inflammatory diseases [9] [10] . The cysteine protease cathepsin K, highly expressed by osteoclasts, causes degradation of type I collagen during bone resorption and it is considered as a main factor in bone disorders such as osteoporosis [11] [12] . Therefore, all these enzymes constitute potential therapeutic targets for the treatment of the diseases where they are involved.
Inhibition is one of the main molecular control mechanisms regulating the proteolytic activity. Therefore protease inhibitors (PI) have been isolated and characterized in the past and till now. They have synthetized from the most variable sources and have shown to be useful in biochemistry, biotechnology and biomedicine [2] . However, the discovery of new proteases with high physiological importance has increased the requirements to search and identify new inhibitory molecules with high potency and selectivity [8] [13]- [16] . In this regard, natural inhibitors have shown good properties to be used in biological systems, as they have mostly high stability at physiological conditions and low toxicity. On the other hand, natural sources are an infinite stock of bioactive molecules and structures, as a result of several millions years of evolution [17] - [19] .
Marine invertebrates have been already recognized as one of the most valuable natural sources of biomolecules. They contain an intangible number of proteases and inhibitors, used for feeding and self-defense system against predators [19] - [22] . Many compounds with therapeutic potentialities have been isolated from these organisms, although most of them are poorly studied [17] . Cuban coasts have a remarkable variety of marine invertebrates, which allows screening of biological activity straight from natural sources as a first step to identify new molecules with potential properties such as toxins, antimicrobial peptides, proteases and inhibitors [23] - [28] . The data presented here describe systematic screening experiments to identify inhibitory activities applying twenty aqueous extracts of selected marine invertebrates against four proteases of therapeutic relevance.
Material and Methods

Materials
Enzymes: porcine pancreatic elastase (PPE) (EC 3.4.21.36), human neutrophil elastase (HNE) (EC 3.4.21.37), subtilisin A from Bacillus licheniformis (EC 3.4.21.62) and human dipeptidyl peptidase IV (DPPIV) (EC 3.4.14.5) were purchased from Sigma (USA). Papain from Carica papaya (3.4.22.2) was acquired from Roche (USA) and human cathepsin K (EC3.4.22.38) from Merck (Germany). DPPIV from porcine kidney was purified and kindly donated by Dr. Isel Pascual, at Faculty of Biology, University of Havana, Cuba [29] . Synthetic substrates: succinyl-trialanine-4-nitroanilide (Suc-Ala-Ala-Ala-pNA), 3-Methoxysuccinyl-alanyl-alanyl-prolyl-valine-4-nitroanilide (MeOSuc-Ala-Ala-Pro-Val-pNA), Succinyl-alanyl-alanyl-prolyl-phenylalanine-4-nitroanilide (Suc-ala-ala-pro-phe-pNA), glycyl-proline-4-nitroanilide (Gly-Pro-pNA.HCl), benzyloxycarbonyl-phenyl-arginine-4-nitroanilide (Z-phe-arg-pNA.HCl) were purchased from Bachem (Germany).
Preparation and Clarification of Animal Aqueous Extracts
The invertebrate organisms (Table 1) were collected from different localizations of the Cuban coast area by specialists of the Cuban National Institute of Oceanology, taking into account the protective measures for these species in the area. The specimens were washed with distilled water and cut in small pieces. The aqueous extracts were prepared as follow: the organisms were homogenized in distilled water at a 1:2 proportion (w/v) using a blender (10 sec for 5 repeated cycles). The homogenized suspension obtained was centrifuged at 15,000 × g for 45 min at 4˚C and the supernatant was filtered on fiberglass [25] . Clarified extracts were obtained by heating in a thermal bath for 30 min, 60˚C. This process was followed by a fast cooling and centrifugation at 15,000 × g for 45 min at 4˚C.
Determination of Protein Concentration
Protein and peptide concentrations in the extracts were determined by measuring the absorbance at 280 nm in GENESYS 10S UV-Vis spectrophotometer (Thermo Scientific) and using an extinction coefficient ( ) 0.1% 280nm ξ of 1 [30] . Concentrations of the enzymes used in the kinetic assays were calculated applying their reported extinction coefficients [31] .
Inhibitory Activities
The enzymatic activity for PPE (2.7 × 10 −8 M) and HNE (1.0 × 10 −7 M) was determined using the specific substrates Suc-Ala-Ala-Ala-pNA (0.7 mM, 0.6 K M ) [32] and MeOSuc-Ala-Ala-Pro-Val-pNA (0.14 mM, 1 K M ) [33] , respectively. Subtilisin A (0.9 × 10 −7 M) was measured using Suc-Ala-Ala-Pro-Phe-pNA (0.12 mM, 1 K M ) [33] . Porcine DPPIV (1.6 × 10 −7 M) and human DPPIV (4.34 × 10 −7 M) activities were both tested using Gly-PropNA (0.14 mM, 1 K M ) [34] , whereas papain (4.34 × 10 −8 M) and cathepsin K (0.92 × 10 −8 M) activities were 
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Lissodendorix isodyctialis Porifera + + + determined using z-Phe-Arg-pNA (0.14 mM, 1 K M ) [35] , (0.025 mM, 1 K M ) [36] , respectively. All enzyme and substrate concentrations above referred correspond to the assay. The inhibitory activities were determined using a GENESYS 10S UV-Vis spectrophotometer, by measuring the residual enzymatic activity at 25˚C after incubation with each extract for 10 min. The assay mixtures contained substrate, enzyme, extract and the corresponding activity buffers in a final volume of 1 mL. Cleavage of substrates by the enzymes was detected by measuring the increase of the absorbance at 405 nm every 15 s during 3 min.
The inhibitory activity (IA) against each enzyme was measured at five different protein concentrations. The measurements were made by triplicate and the inhibitory activities were calculated in linear zones of the curves obtained employing the Equation (1):
∆Abs/∆t control and ∆Abs/∆t sample : change in absorbance per time unit in the control and sample assay, respectively; V sample : extract volume; V assay : assay volume; ξ: extinction coefficient of the product p-nitroaniline (ξ = 8.8 × 10
). To calculate the specific inhibitory activity (SIA), IA values were divided by the total protein concentration of each extract. Moreover, the residual enzymatic activity for each extract concentration was determined, in order to obtain the corresponding IC 50 value (half maximal inhibitory concentration) by adjusting the experimental data to the IC 50 equation [37] using the software GraphPad Prism5.0 (GraphPad Software, Inc., USA) [38] . The IC 50 Inhibition of the human enzymes HNE and cathepsin K was only analyzed with those extracts showing doseresponse inhibitory activities and low IC 50 values toward the related proteases PPE and papain, respectively.
Proteolytic Activity of Extracts
To discard inhibition due to the presence of proteases in the extracts analyzed, proteolytic activity was evaluated against the different chromogenic substrates (specific for each type of enzyme). These assays were performed under the same conditions described above, but without adding the corresponding enzyme used as the control in the inhibitory assays.
Results
Screening of Protease Inhibitors
The inhibitory activities of 20 aqueous extracts prepared from marine invertebrates against four proteases were evaluated at different protein concentrations ( Table 1) .
Inhibition of Elastases
As observed, 10 of the 20 applied extracts show inhibitory activity against PPE. The highest SIA values were obtained for Stichodactyla helianthus, Lissodendorix isodyctialis, Holothuria mexicana and Nerita peloronta (Table 2(a) ). The SIA calculated for the last one was remarkably higher compared to the others (444.4 mU/mg). These extracts also showed the lowest IC 50 values, with N. peloronta being again the most promising extract, considering the IC 50 value of 1 µg/mL. The concave behavior observed in the dose-response curves obtained for the active extracts against PPE (Figure 1(a) ) is characteristic for a reversible inhibition [39] . Remarkably, the dose-response curve behavior obtained for the N. peloronta extract resembled a titration curve, thus suggesting the presence of tight binding or irreversible elastase inhibitors (Figure 1(b) ). All positive extracts were also able to inhibit the enzymatic activity of HNE and N. peloronta was confirmed the most promising extract in terms of SIA (Table 2(b)). Data are means (n = 3) ± S.D.
Inhibition of Dipeptidyl Peptidase-IV (DPPIV)
In contrast to PPE, which was inhibited by several extracts, only Bunodosoma granulifera showed inhibitory activity against porcine and human DPPIV. The specific activity, which was only determined against the porcine enzyme, was very low and the IC 50 value, obtained from the dose-response curve (Figure 1(c) ) was very high (Table 3) , thus indicating that the inhibition activity is rather poor.
Inhibition of Subtilisin
As shown in Table 4 , seven extracts showed inhibitory activity of subtilisin and according to their specific activities and IC 50 values, the most promising extracts were Lissodendorix isodyctialis, Cenchritis muricatus, and Nerita peloronta. The dose-response curves for these extracts exhibited nearly a titration behavior suggesting the presence of tight binding inhibitors (Figure 1(d) ). Other extracts, such as the echinoderms Echinaster equinophorus and Isostochopus badionotus, also showed strong inhibitory activities against subtilisin with high values of SIA. Data are means (n = 3) ± S.D.
Inhibition of Papain and Cathepsin K
Inhibition activities against these enzymes were first determined by using papain, which is the prototypical cysteine protease and belongs to the same family than cathepsin K. All extracts positive against papain were further tested with the latter enzyme and in all cases the inhibition was confirmed. As shown in Table 5 (a), eight extracts were identified, exhibiting quite similar SIA and IC 50 values. Even so, the best values of these two parameters were obtained for Physalia physalis and Isostochopus badionotus. The extract of Plexaura homomalla showed the lowest value of IC 50 but a poor SIA value. Figure 1(e) shows the dose-response curves obtained for the positive extracts with this enzyme, which showed a concave behavior characteristic for a reversible inhibition. Similar to the results obtained with papain, the best SIA values against cathepsin K were exhibited by P. physalis, I. badionotus and N. peloronta, (Table 5(b) ).
In general, some of the extracts seems to contain several (or unspecific) inhibitors since they showed inhibitory activities against different proteases. For example, Condylactis gigantea, N. peloronta, C. muricatus, I. badionotus and L. isodyctialis exhibited inhibition for three of the four enzymes here analyzed (PPE, subtilisin and papain). B. granulifera also exhibited inhibition against three enzymes, however the inhibition observed for DPPIV was rather poor. P. homomalla and S. helianthus showed inhibition against two enzymes, PPE and papain. On the other hand, four of the twenty extracts analyzed showed inhibitory activity only against one of the enzymes tested: Diplosoma listerianum (PPE), P. physalis (papain), Equinaster equinophorus (subtilisin) and Holothuria mexicana (PPE), summarized in Table 1 .
Proteolytic Activity of the Extracts
Only one extract (Condylactis gigantea) showed enzymatic activity against two of the chromogenic substrates employed (Suc-Ala-Ala-Ala-pNA and MeOSuc-Ala-Ala-Pro-Val-pNA), which are commonly specific for elastases. This activity was not observed for the clarified extract (data not shown).
Discussion
Proteolytic enzymes or peptidases are the most abundant enzymes in nature; therefore, proteolytic activity is involved in the whole life cycle of a living organism. Advances in genomics and proteomics have allowed the detection of many proteases, which according to the role they play, constitute therapeutic targets for different systemic and infectious diseases. Consequently, besides the importance of inhibitors as biotechnological and biochemical tools, a new therapeutic strategy based on PI is successfully emerging validated by the efficacy of several inhibitors already applied as drugs and the high number of many others in different stages of development at lab or at preclinical and clinical trials [12] [40]- [42] . The screening of natural sources is a traditional methodology to identify functional biomolecules including new protease inhibitors with potential applications in Biomedicine and Biotechnology. Considering that approximately 60% of all drugs developed so far are originally or derived from natural sources and that less than 10% of the natural biodiversity has been exploited, nowadays this procedure still constitute one of the first choice in this regard [19] . Natural sources contain a remarkable chemical diversity and marine invertebrates are one of the most attractive examples of the largely unexplored marine environment [2] . Moreover, this traditional methodology combined with recent advances in proteomics, bioinformatics and protein engineering provide the tools to detect and improve new therapeutic targets and their inhibitors more efficiently. Several examples illustrates how the combination of natural inhibitors and protein engineering have led to the production of highly selective protease inhibitors [43] [44] . Here we analyzed the potential inhibitory activities of twenty extracts of marine invertebrates from seven different Phyla, against four target proteases with therapeutic relevance. We detected inhibitory activities against all the enzymes assayed, although differences in the rate of inhibition were found to be remarkable among them.
The extracts analyzed were subjected to a heating treatment prior to the screening since this clarification pro-cedure has demonstrated before a high effectiveness compared to other methods, such as TCA precipitation [45] [46]. For example, the presence of elastase-like proteolytic activity in the crude extract of C. gigantea was eliminated by heating, confirming the efficacy of this method prior to inhibitory activity evaluation. For most of the extracts the protein concentration decreased by almost two times after the heating treatment, however the total inhibitory activity did not change, so the specific inhibitory activity also increased by almost two times. Moreover, many already identified protease inhibitors from marine invertebrates are low molecular weight proteins, resistant to high temperatures, like the assayed in this work [23] [25] [26] [28] . The highest number of positive species (half of the extracts analyzed) were detected when analyzing inhibitory activity against PPE. Elastases form a subfamily of serine proteases that hydrolyze many proteins in addition to elastin, and in particular HNE constitutes an important therapeutic target because of its role in inflammation, respiratory and pulmonary diseases, such as adult respiratory distress, rheumatoid arthritis, pulmonary emphysema, among others [5] [6] . Results obtained in this study with PPE and HNE were in principle expected, since various elastase inhibitors have already been isolated from marine invertebrates. Examples of these are the BPTI-Kunitz inhibitor AXPI-II from the sea anemone Anthopleura xantogrammica [47] ; the Kazal inhibitors from the sea anemone Anemonia sulcata [48] [49] ; the coral Melithaea caledonica [50] ; and the snail C. muricatus [25] . The last one, CmPI-2, was obtained by our group exhibiting high inhibitory activity against elastases and subtilisin. Most of these inhibitors lack specificity or potency, which has forced the search for new molecules. These results here shown offer new sources to isolate new inhibitors against this target. According to the titration behavior in the dose response curve, the extract of N. peloronta constitutes a promising source for the identification of tight binding or irreversible inhibitors against HNE.
Regarding DPPIV the screening experiments revealed only one extract (B. granulifera) with inhibitory activity against this enzyme. This extract also exhibited very poor values of SIA (specific inhibitory activity) and IC 50 . In a previous screening experiment against DPPIV, carried out with some of the marine invertebrate extracts analyzed in this study and others, it was observed that only three extracts showed inhibitory activity against the enzyme [46] . The study included the extract of B. granulifera with an IC 50 value in the same order (1.2 mg/mL) similar to that obtained in the current study, which also confirms a rather poor value. It is possible that this phenomenon is due to the fact that DPPIV is only produced in mammals with functions more related to complex organisms, such as immune regulation, signal transduction and apoptosis [10] .
Results obtained for subtilisin A showed that all positive extracts exhibited IC 50 values in the order of μg/mL and three of them (Lissodendorix isodyctialis, Cenchritis muricatus and Nerita peloronta) displayed dose-response curves with titration behavior, suggesting the presence of tight binding or irreversible inhibitors. It is important to note that in the case of C. muricatus, a molecule with inhibitory activity against subtilisin in the submicromolar level, CmPI-2, has been already isolated [25] . Subtilisins are present in many pathogenic microorganisms required within invasion/proliferation processes [7] [8] . Marine invertebrates live alongside many bacteria and parasites in aquatic environments and they protect themselves against pathogenic infection through their innate immune system, which utilizes several biomolecules for their defense including protease inhibitors [22] . Regarding this, many subtilisin inhibitors have been already isolated from these organisms, for example: the Kazal inhibitors SPIPm from Penaeus monodon, PlKPI from Pacifastacus leniusculus, CrSPI from Carcinoscorpius rotundicauda and FcSPI1 from Fenneropenaeus chinensis [51] . However, most of them have a broad specificity against many other serine proteases, which constitutes a challenge within drug development, As for HNE, results obtained in this work revealed other species that could be used as sources for the isolation of new molecules with better properties than those already characterized.
The search for cysteine protease inhibitors has increased in the last years with the importance of these molecules in the life cycles of infectious agents and in physiological and pathological processes of mammals [52] . The presence of cysteine protease inhibitors in marine invertebrates have been previously reported [53] [54], although this source of biomolecules have been less explored. Recently, a fraction enriched in tight-binding protease inhibitors was isolated from the Caribbean coral P. homomalla showing Falcipain 2 and Cruzipain inhibitory activity at the nanomolar level [55] . A high number of extracts screened in this work displayed inhibitory activity against the model enzyme papain, and were further confirmed to inhibit also the therapeutic target cathepsin K. In the case of this particular enzyme none inhibitor molecule coming from marine invertebrates has been reported. It is important to note that one of the extracts showing the best values in terms of SIA and IC 50 also exhibited specificity only for this enzyme (Physalia physalis). Thus, this extract may constitute the most promising source to isolate an inhibitor with good properties to be employed in future therapeutics.
Conclusion
The present work constitutes the first wide report of inhibitory activity against neutrophil elastase and cathepsin K in extracts from marine invertebrates and the first for the majority of the extracts used against the four enzymes. Further work will be directed to identify and characterize the molecules responsible for the inhibition observed in the most promising extracts of this study, since they may lead and support the development and design of new drugs for the future treatment of several pathological conditions where these enzymes are involved.
